Background Pretreating renal formulas with medications to lower the potassium and phosphorus content is common in clinical practice; however, the effect of this treatment on other nutrients is relatively unstudied. We examine whether nutrient composition is affected by pretreating renal formulas with sodium polystyrene sulfonate (SPS) suspension and sevelamer carbonate. Methods Fixed medication doses and treatment times were utilized to determine changes in the nutrient composition of Suplena® and Similac® PM 60/40. The effect of simultaneously adding both medications (co-administration) to the formula on the nutrient composition of Suplena® was also evaluated.
Introduction
In 2012, approximately 7500 children in the USA suffered from end-stage renal disease [1] . Hyperkalemia and hyperphosphatemia are common complications in infants and young children with kidney disease and occur more frequently as kidney function declines [2] . These nutrient imbalances require dietary restriction of potassium and phosphorus, and, if unsuccessful, concurrent use of medications. Specialized renal formulas that are low in potassium and Electronic supplementary material The online version of this article (doi:10.1007/s00467-015-3115-5) contains supplementary material, which is available to authorized users. phosphorus are often prescribed for infants and young children, yet even these formulas may fail to resolve elevated serum potassium and phosphorus levels. In such cases, renal formulas are commonly treated with medications, such as sodium polystyrene sulfonate (SPS) and sevelamer carbonate, to further reduce the potassium and phosphorus content of formula, respectively. Unfortunately, pretreating formulas also reduces the levels of other essential nutrients, including calcium and magnesium [3] [4] [5] [6] . It is important for clinicians prescribing such formulas to be aware of which essential nutrients can be altered in order to avoid the iatrogenic effects of the pretreated formula, especially since infants and children with kidney disease are already at high risk of malnutrition and growth impairment [7] .
A variety of formulas, treatment times, and medication doses have been tested; however, no single, standardized pretreatment method has been determined best for clinical practice [3] [4] [5] [6] [8] [9] [10] [11] [12] . Published studies have also examined a limited number of nutrients [3] [4] [5] [6] [8] [9] [10] [11] [12] . The goal of this study was to evaluate the effects of controlled treatment times, medication doses, and co-administration of medications in renalspecific formulas on a broader range of essential and nonessential minerals and formula pH.
Methods

Experimental design
Three experiments were conducted with the following objectives: (1) to lower the potassium content of formula (Low K); (2) to lower the phosphorus content of formula (Low P); (3) to lower the potassium and phosphorus content of formula simultaneously (Low KP). The experimental protocols with doses and treatment times were based on previous work with SPS and sevelamer (Table 1) [3] [4] [5] [6] [8] [9] [10] [11] [12] . The goals of this study were: (1) to evaluate whether nutrients other than potassium and phosphorus are affected in formulas pretreated with SPS and sevelamer carbonate, respectively; (2) to determine whether treating formula with SPS for 60 min causes a significant reduction in potassium concentration compared to a 30 min treatment; (3) to determine whether the coadministration of SPS and sevelamer carbonate in Suplena® is effective at reducing potassium and phosphorus simultaneously. Approval from Children's Mercy Hospital's IRB committee was completed prior to study initiation (IRB #13120398). Human subjects were not involved in this study.
Renal formula preparation
Cans of Suplena® (Abbott Laboratories, Abbott Park, North Chicago, IL), a ready-to-feed formula, were shaken thoroughly and combined into one large container. Similac® PM 60/40 powder (Abbott Laboratories) was weighed and mixed with tap water according to the manufacturer's recommendations to produce a 20 kcal/oz formula. Formulas were kept refrigerated at 3 o C until used for each protocol.
Medication preparation
Low K protocol Multiple doses of SPS (SPS® Suspension; Carolina Medical Products Co., Farmville, NC) were added to formula based on the potassium content of the formula stated on the manufacturer website. SPS was shaken prior to each administration and was measured by volume using a syringe. Dose volumes of SPS were added to achieve concentrations of 0.25, 0.5, and 1.0 g/mEq K + and were selected based on previous studies [3-5, 8, 9] . Each dose-treatment time combination was repeated three times for the Low K protocol.
Low P protocol Packets of sevelamer carbonate powder (Renvela®; Sanofi US, Bridgewater, NJ) were measured using a weight scale to achieve designated amounts of the active ingredient. All doses were per 100 mL formula, as previously described [6, 12] . Doses of 400, 800, and 1600 mg were selected based on prior studies demonstrating that sevelamer binds phosphorus effectively at doses of between 200 and 1600 mg in breast milk and cow's milk, respectively [6, 12] . Additional doses of 2400 and 3200 mg were used to examine the effects of higher doses on phosphorus removal. Each dose-treatment time combination was repeated three times for the Low P protocol.
Low KP protocol Dosing of SPS and sevelamer carbonate were identical to that of the Low K and Low P protocols, excluding the 2400 and 3200 mg sevelamer carbonate doses used in the Low P protocol. All possible combinations of dose and treatment time were used, and each combination was repeated three times for the Low KP protocol.
Pretreatment of formula
Untreated samples were drawn from the large batches of Suplena® and Similac® PM 60/40 prior to conducting each protocol. Formula was measured in 100-mL volumes and poured into containers. Medications were added directly to the formula and were shaken by hand for 60 s and then placed in a refrigerator at 3°C, undisturbed, for the allotted treatment times. Aliquots were drawn from the center of the sample. Formula pretreatment times of 30 and 60 min were selected for the Low K and Low KP protocols based on previous work by Thompson et al. [8] and Cameron et al. [9] demonstrating that pretreating formula with SPS for ≤60 min is adequate for potassium removal. A 10 min treatment time was selected for the Low P protocol based on previous work by Ferrera et al. [12] demonstrating that pretreating with sevelamer hydrochloride for 10 min is adequate for phosphorus removal.
Instrumentation and analytic methods
Samples were collected, and both treated and untreated samples were frozen at −20°C and sent to the Diagnostic Center for Population and Animal Health at Michigan State University for analysis. The samples were then thawed and prepared for radial inductively coupled plasma-optical emission spectrometry (ICP/OES) analysis by digesting 2 mL of each sample overnight at 95°C with 2 mL of concentrated nitric acid. Post-digest, samples were diluted to 10 mL and from that dilution a 1:10 dilution was prepared, resulting in a final 50-fold dilution of treated formula. ICP/OES analysis was conducted using a Vista-pro CCD simultaneous ICP-OES instrument (Agilent Technologies, Santa Clara, CA) to measure calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, sulfur, and zinc. pH was measured in thawed samples using a Corning pH meter 220 (Corning®, Corning, NY) with glass electrode.
Statistical analysis
A priori power analysis used results from a previous study in which Similac® PM 60/40 was pretreated with SPS to observe changes in K + and other select nutrients [4] . The results of that study indicated that potassium would be reduced by 0 mEq/L in untreated samples and by 12 mEq/L in samples treated with SPS at a dose of 1.0 g/mEq K + , respectively, with a standard deviation of zero. The sample size for the Low K and Low KP protocols was calculated based on this outcome variable at a two-sided level of significance of 0.025. Using a two sample t test, three samples per dose level gave us over 95 % power to detect the expected difference in potassium. For the Low P protocol, a power analysis was unable to be performed due to insufficient data available. Three samples per dose were used, as has previously been studied [6] . Multivariate analysis of variance was performed to determine whether differences in nutrient composition existed between untreated samples and samples treated with medications. If significant, pairwise comparisons were performed to determine whether changes in nutrient composition were due to medication dose or treatment times and adjusted using Tukey's Honest Significant Difference test. A dose-by-treatment time interaction was also considered. A level of significance of p≤0.05 was considered [3-5, 8, 9] b Sevelamer carbonate doses of 400-1600 mg /100 mL formula are based on a previously established dose range for phosphorus (P) removal in breast milk and various formulas using sevelamer [6, 12] . Additional dose levels of 2400 and 3200 mg /100 mL formula were selected to test for the effectiveness of higher doses in formula in the Low P protocol c For the Low K experiment, SPS was added to the formula using each dose and experimental treatment time combination listed d For the Low P experiment, sevelamer carbonate was added to the formula using each dose listed for the single treatment time listed e For the Low KP experiment, SPS and sevelamer carbonate were added to the formula using each dose combination and experimental treatment time listed. Medications were added simultaneously for ease of use for parents and nurses f Treatment times for protocols using SPS were based on previous studies demonstrating that pretreating the formula for≤60 min is adequate for K + removal and that longer treatment times do not result in more significant reductions in K + [8, 9] g Treatment times for protocols using sevelamer carbonate were based on previous studies demonstrating that pretreating for 10 min is adequate for P removal and that longer treatment times do not result in a more significant reductions in P when using sevelamer [12] to be statistically significant. 
Results
Nutrient content was examined in untreated formula and compared with the manufacturer's specifications. All nutrients were found to be within the acceptable error limits allowed by the U.S. Food and Drug Administration (Title 21, Code of Federal Regulations, part 101.9) except for sodium (>20 % above manufacturer's label). Manufacturer information on aluminum content was unavailable.
Low K protocol
Suplena® Only the highest dose of SPS (1.0 g/mEq K + ) reduced potassium concentration significantly compared to untreated samples. SPS also significantly reduced calcium, copper, manganese, phosphorus, and zinc levels at this dose concentration. Additionally, the levels of iron, sodium, and sulfur and pH increased in the formula, whereas magnesium was not affected (Table 2) .
Similac® PM 60/40 In contrast to Suplena, potassium concentration was significantly reduced with all doses of SPS compared to untreated samples (Table 2) . Calcium, copper, and magnesium concentration were also reduced significantly for at least one dose concentration of SPS. Additionally, the levels of iron, sodium, and pH increased significantly, whereas no changes in phosphorus, sulfur, and zinc levels were observed.
Low P protocol
Only the highest dose of sevelamer carbonate (3200 mg/ 100 mL Suplena®) showed a significant reduction in the phosphorus content in Suplena®. Sevelamer carbonate also significantly reduced the concentrations of calcium, copper, magnesium, manganese, potassium, sulfur, and zinc and raised pH at this concentration. Iron and sodium concentrations were not affected (Table 3) .
Low KP protocol
Co-administration of SPS and sevelamer carbonate did not significantly reduce the level of either potassium or phosphorus for any of the dose combinations examined. However, coadministration of these drugs in Suplena® still significantly reduced the concentrations of calcium, manganese, and zinc and increased iron, magnesium, sodium, and sulfur and increased the pH of the formula (Electronic Supplementary Material Table 1 ).
Pretreatment times
Pretreatment of the formula for 60 min resulted in slightly higher reductions in potassium concentration in the samples compared to a pretreatment of 30 min; however, the difference was not significant. Treatment time did not affect the concentration of the other nutrients examined.
Aluminum
There was a positive linear association between SPS dose and aluminum concentration in both formulas (p< 0.001) in the Low K and Low KP protocols. Data from the Low K protocol are shown in Fig. 1 . Aluminum concentration was not affected by sevelamer carbonate in the Low P protocol.
Discussion
Our findings demonstrate that SPS suspension not only significantly reduces the potassium concentration, but also significantly alters the concentrations of calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, sulfur, and zinc, as well as the pH in Suplena® and Similac® PM 60/40 while increasing aluminum concentration. Our results also illustrate that 60 min treatment times do not result in more significant reductions in potassium concentration than 30 min treatment times. Lastly, sevelamer carbonate as monotherapy or co-administration with SPS was ineffective in reducing either the phosphorus or potassium concentration of Suplena.
Similar to previous studies, we observed reductions in potassium concentration and a subsequent rise in the concentration of sodium in Similac® PM 60/40 pretreated with SPS, with the latter due to the sodium content of the SPS exchange resin added to the formula [3-5, 9, 10] . However, SPS pretreatment of Suplena®, a renal formula often used in children aged >1 year, was ineffective in reducing the potassium level of this formula. To our knowledge, this is the first time Suplena® has been tested in a study of this kind. The mechanism for the differences observed between these two formulas is unknown. Suplena® contains fiber and is more viscous than Similac® PM 60/40 due to its higher caloric density (53 vs. 20 kcal/oz, respectively). Both of these factors potentially contribute to reduced efficacy of pretreating Suplena® with SPS by inhibiting potassium binding or decreasing the amount of SPS that settles out after binding. It should be noted that doses of SPS were chosen based on previous studies of Similac® PM 60/40 and that these doses may be insufficient to reduce the level of potassium in Suplena®.
Consistent with previous studies, we observed reductions in calcium and magnesium in SPS-treated formula [3] [4] [5] . Loss of these nutrients is of particular concern in children with kidney disease since as early as stage 2 chronic kidney disease approximately 30 % of patients have bone mineralization defects; this percentage increases as kidney function declines [13] . Bone abnormalities in renal patients persist into adulthood and may affect long-term functional status [14] . The loss of calcium and magnesium, essential nutrients in bone mineralization, through the pretreatment of formula may contribute to worsened bone health in a group already at high risk for bone disease.
Due to the expanded nutrient profile examined in this study, we also observed increases in the concentrations of sulfur and iron and reductions in those of zinc with pretreatment of SPS. Previous work by Bunchman et al. [4] demonstrated that approximately 5 % of SPS, a sulfur-containing compound, remained in Similac® PM 60/40 after a 30 min treatment. Due to the limitations of our study, we were unable to demonstrate with certainty whether the observed increase is Data are given as the mean ± standard deviation (SD), with the percentage change given in parenthesis. Only results from the 30 min treatment times are shown due to non-significant differences being detected between treatment times SPS, Sodium polystyrene sulfonate Significant differences were tested with pairwise comparison analysis (Tukey's Honest Significant Difference) and compared to untreated samples: *p≤ 0.05, **p≤ 0.01, ***p≤0.001
Data are given as the mean ± (SD), with the percentage change given in parenthesis related to the exchange of sulfur from SPS or to the sulfur from residual SPS remaining in formula after treatment, these being the two most plausible circumstances. We also observed a positive linear relationship between iron concentration and SPS dose in both formulas tested. These findings are consistent with previous work by Rivard et al. [3] which demonstrated higher iron levels in a high protein adult formula pretreated with SPS at dose concentrations of 0.5 and 1 g/mEq K + . Given that many children with kidney failure require iron supplementation, physicians need to be aware that starting, stopping, or changing the dose of SPS in treated formula may affect the amount of iron supplementation that should be given to patients. Finally, in Suplena®, we observed a negative linear relationship between zinc concentration and SPS dose. Zinc deficiency is common in dialysis patients (40-78 %) due to dialysate losses and is associated with increased risk of cardiovascular disease, failure to thrive, dermatitis, inflammatory disease, and delayed sexual maturation [15] [16] [17] [18] [19] . Serum zinc levels should be routinely checked in children on dialysis, and when SPStreated Suplena® is used, zinc supplementation and more frequent checks of serum zinc levels are recommended.
In addition to observing changes in the nutrient composition of the two formulas tested, we observed a significant rise in aluminum concentration in both formulas that was directly correlated to the volume of SPS suspension added during treatment. Suspension forms of SPS contain a magnesium aluminum silicate additive which resulted in the increased aluminum content in our samples (range 5-40 mg/L); these levels are significantly higher than that proposed by Burrell and Exley [20] to be of concern in infant formulas (0.2-0.7 mg/L). Aluminum is a neurotoxin filtered by the kidneys and exposure to high levels of the metal in infants, and subsequent incorporation into tissue, has been associated with cognitive impairment and aluminum-induced bone disease [21, 22] . No safe dose of aluminum has been identified and, consequently, intermittent or low dose use of aluminum-phosphate binders remains inadvisable in the pediatric population [23, 24] . SPS is also available in a powder form which does not contain aluminum additives, so use of SPS powder is advised.
Treatment times among published studies have been highly variable, ranging from 30 min to 24 h [3] [4] [5] [8] [9] [10] [11] . The lack of standardized treatment times for pretreating formula with SPS makes comparisons among studies difficult. Similar to previous findings by Thompson et al. [8] , our results indicate that pretreatment of >30 min provides little benefit in further reducing the potassium content of a formula. Reduction of treatment times to 30 min and standardizing methods for pretreating formula with SPS will not only allow for consistency among practitioners and centers, but also reduce the burden on nurses and families that longer treatment times confer. This is the first study to pretreat Suplena® with sevelamer carbonate, both as monotherapy and in combination with SPS. Previous studies pretreating cow's milk and tube feedings with sevelamer have shown that phosphorus content is reduced effectively at a dose of 800 mg/100 mL formula, while doses as low as 200 mg/100 mL are effective at reducing the phosphorus level in breast milk [6, 12] . In the Low P protocol, significant reductions of phosphorus in Suplena® were not observed until a sevelamer carbonate dose of 3200 mg/100 mL formula was added. These findings correspond with previous work from Raaijmakers et al. who demonstrated a decreased efficacy in phosphate binding (measured as mean percentage change) with increasing phosphate concentration in formulas [6] . Formulas tested in that study contained 56, 94, 438, and 625 mg/L of phosphate, with corresponding reductions of 87, 69, 25, and 22 %, respectively, when 800 mg sevelamer carbonate per 50 mL formula was tested. By comparison, in our study a 5 % decrease in phosphorus content was observed after pretreatment with Suplena® (higher phosphorus concentration 816 mg/L) with a similar dose (1600 mg sevelamer carbonate per 100 mL) of sevelamer carbonate. The highest dose of sevelamer carbonate we tested (3200 mg/100 mL formula) also resulted in significant changes in the concentrations of calcium, copper, magnesium, manganese, phosphorus, potassium, sulfur, and zinc. Sevelamer carbonate is an anion exchange resin and, similar to SPS, resulted in the binding of other ions. While the mechanism is unknown, SPS and sevelamer carbonate may not bind potassium and phosphorus, respectively, as selectively as desired. Additionally, the pH increased from 6.69 in untreated samples to much higher values of 7.88-9.32 in treated samples. Similar findings have been previously observed in various formulas pretreated with sevelamer carbonate and do not warrant safety concerns given that prolonged treatment of alkaline medications (sodium bicarbonate) have been previously shown to be safe in humans [6, 25] . Due to the large doses of sevelamer Fig. 1 Aluminum concentration of formula pretreated with sodium polystyrene sulfonate (SPS) suspension in the Low K Protocol. Individual values of aluminum for each dose level of SPS suspension in the Low K protocol are included. Due to differing levels of potassium in the formulas being tested, dose was converted to the amount (mL) of SPS suspension added to formula to standardize the measurement. Dose equivalent is 1 g SPS=4 mL of SPS suspension carbonate required, pretreating Suplena with sevelamer carbonate to reduce phosphorus content is ill-advised.
Finally, pretreating Suplena® with both SPS and sevelamer carbonate simultaneously resulted in the non-significant binding of potassium and phosphorus while still significantly altering other nutrients. Since pretreating Suplena® in the Low K and Low P protocols only showed significant reductions in potassium and phosphorus in the highest doses tested, the use of additional formulas where pretreating is more effective should be tested to determine whether using this method is valid. While no data have been reported, pretreating formula with SPS, decanting, and then pretreating with sevelamer carbonate may prove to be the better method.
Limitations of the study include limiting the dose of SPS to 1.0 g/mEq K + , testing only the suspension form of SPS, and only pretreating one formula (Suplena®) with sevelamer carbonate and both medications simultaneously. We limited SPS to 1.0 g/mEq K + based on previous data from pretreating other products; however, effective dose ranges may vary between formulas. SPS is also available in a powder form which should be tested since it may alter nutrient composition differently than the suspension form used in this study. Also, pretreating additional formulas simultaneously with these medications may yield different results than when tested in Suplena® given that SPS and sevelamer carbonate bind potassium and phosphorus more effectively in other formulas [3] [4] [5] [6] [8] [9] [10] [11] [12] . The strengths of this study include collecting all samples in triplicate and testing multiple medications, doses, and treatment times in formula. This is the first study to have examined the effects of pretreating formula with both SPS and sevelamer carbonate separately and together. Also, to date, this is the largest panel of nutrients examined in this type of study.
In summary, we demonstrate that pretreating Suplena® and Similac® PM 60/40 with SPS suspension significantly affected the nutrient profile and that pretreating Suplena® with sevelamer carbonate or with SPS suspension and sevelamer carbonate simultaneously was not effective in reducing either phosphorus or potassium and should be avoided. Our findings also demonstrate that other essential nutrients may be adversely affected by pretreatment, which should be considered to ensure that patients do not ingest deficient or overabundant amounts of these nutrients when pretreated formulas are used. Establishing standardized methods for pretreatment of formulas to be adopted by institutions will help achieve this goal. Future studies should be aimed at determining appropriate doses of SPS and sevelamer carbonate for pretreating various formulas as well as predicting changes in nutrient composition after treatment. Due to the additional aluminum in the SPS suspension, use of SPS powder is advised until studies examining the safety of SPS suspension can be further evaluated.
